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Abstract: Engineering education requires learning strategies to engage students and improve the
development of disciplinary and transversal competencies. Additionally, as economic resources are
generally limited, it is sought to avoid investing large sums of money in software and hardware, as
well as in fitting out laboratories. This work presents a didactic proposal within the framework of
active and collaborative learning that includes the flipped classroom technique to be applied in the
curriculum of undergraduate engineering programs and inside a massive flexible digital master class.
The activity is the mathematical modeling, simulation, and control system of a direct current motor
where simulation work is carried out in open license computational packages. Students understand
the physical phenomena involved in the motor’s modeling and the input–output variables’ relations.
Moreover, an analogy between an electromechanical and a pure electrical model is carried out,
where the relevant variables respond in an agile and reliable manner. To validate the modeling, the
differential equations are solved by applying numerical methods, and tested for control purposes.
The activity has been validated with a rule-based system applied to a Likert scale survey data. This
type of human–computer interaction, in the context of active learning, could engage students and
motivate them to develop competencies that are highly appreciated by industry practitioners.

Keywords: engineering education; technology-enhanced learning; learning approaches; flipped
classroom; massive flexible digital master class; mathematical modeling; computational simulation

1. Introduction

Society requires engineers with transversal and disciplinary competencies in elec-
trical engineering to solve real-life challenges. In this context, engineering academic
programs must include subjects with activities that allow the development of these relevant
competencies for professional work. Universities are responsible for the teaching–learning
process, seeking to ensure that students are developing these competencies by keeping
students motivated and committed to their professional development [1].

To motivate future generations to engage in their electrical engineering studies, teach-
ers are constantly looking for new ways to make the learning process more interesting, and
thus engage students to develop competencies. Faced with this situation, various teaching
strategies and techniques have been explored and applied at all educational levels.
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One approach that has become very relevant, due to its focus on developing curiosity,
analysis, synthesis, and evaluation, is active learning [2]. This learning strategy is based
on students “doing/participating” instead of just “seeing or hearing” [3]; thus, active
learning demands from teachers an atmosphere that keeps student engaged, self-motivated,
and eager to learn (this is a challenge in all learning experiences designed by teachers).
Moreover, active learning requires one or more didactic techniques to implement the
learning activities, allowing active learning to achieve strategic outcomes [4].

It is known that many didactic techniques can be deployed inside an active learning
context, such as problem-based learning (PBL), project-oriented learning (POL), flipped
classroom (FC), and collaborative learning (CL), among others [5–7]. The educational
proposal presented herein takes the advantages of collaborative learning (CL) and flipped
classroom (FC) within the frame of active learning.

Collaborative learning is a student-centered didactic technique, which is deployed
in small groups that carry out learning sequences to acquire knowledge and develop compe-
tencies on specific topics. From its beginnings, it has developed from being
considered as a team of people who collaborate to learn a topic [3], to more recent ap-
proaches that include the development of competences, with a methodology guide, roles of
the participants, evaluation proposals, and settings to apply to remote environments. In
both sides, there is teamwork, where each member contributes and cooperates to achieve
the learning objectives. Each student is responsible for their learning and collaborates so
that the other members of their team learn and thus develop a sense of team achievement.
Moreover, it is intended that students share and discuss their findings and cooperate to
develop the sub-competencies defined in the activity to be carried out [8].

The second didactic technique considered herein is the flipped classroom. This peda-
gogical approach makes the learning activities more flexible and allows part of the instruc-
tion to be carried out outside the synchronous sessions, empowering students and making
them more responsible for their learning process. The time in the synchronous sessions (in
the classroom or remotely) is made more dynamic, interactive, and optimal by focusing on
aspects that will reinforce and extend the previous work carried out by the students [9].

In addition to the didactic strategy and technique, there are the technical aspects that
enable new ways of deploy active learning activities. Current technological advances
enable a teaching scheme mounted in a communication network between one or more
teachers and many students. The real-time connectivity allows synchronous sessions
between many people, as well as the possibility of managing the teaching–learning process
in face-to-face or remote formats; in this context, this work is proposed within the approach
of the so-called massive flexible digital masterclass (MFDM) [10–12]. Technological tools,
such as computer simulation packages, have sparked new possibilities in engineering
science education, especially when working on the mathematical modeling of dynamic
systems [13,14].

A mathematical model is an analytical description of the behavior of a real-life phe-
nomenon, such as physical, sociological, and economic situations, among others [15]. Simu-
lation approaches provide an alternative way to approximate real-life physical
phenomenon with less expensive impacts compared with experimental set ups in lab-
oratories, enterprises, and industry applications, etc. In this work, the main goal is to
develop a systemic approach to understand the modeling, analysis, and control of direct
current motors (DC motors) using open-access simulators by applying a didactic proposal
methodology with proper computer simulations.

DC motors exhibit simplicity in their speed and position control strategies which make
them suitable for many applications [16,17]. These actuators are applied in paper mills, in
the textile industry [17], at steel rolling mills, in railway traction systems [15,18], mounted
on wheeled robots, and within servomechanisms in humanoid robots [19,20]. They can also
be found powering electric cars [21–23], as well as in a great variety of toys and devices
supplied by batteries. Usually, the Laplace transform is used to study how the electrical
and the mechanical variables affect the behavior of electric motors. In that case, a block
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diagram toolbox may be used to provide a practical procedure to analyze the input–output
relation. The Laplace transform analysis, however, becomes elaborated when including
a sophisticated supply voltage waveform, such as the pulse width modulation signal
(PWM) [23,24], where the duty cycle can be varied to control the DC supply voltage level.

In recent years, the availability of embedded programming platforms, such as the
ones described in [25,26], have made it possible for hobbyists, undergraduate students,
and freelancers to develop interesting control projects. Despite these platforms having
helped to lower the barriers of electronic complexity, the required mathematical skills still
represent a major challenge. In this study, a method to provide an analogy to refer all the
electromechanical variables involved in the DC motor model into pure electrical variables
is proposed. In addition, an ordinary electric circuit simulator is used to solve the new
referred electrical model. This approach the solutions of the system of differential equations
(such as the armature current and rotor speed) to be obtained in a fast, cheap, and reliable
manner, while avoiding the mathematical burden. Then, the obtained solutions by the
circuit simulator are verified by using Euler’s numerical method to provide support to the
proposed analogy.

Although there exists proprietary software, such as MATLAB-Simulink, which has
been used to model the DC motor [19,21,23,27], the required economic resources needed to
acquire it could represent a severe barrier for people in universities with a limited budget
for software licenses and independent users who aim to predict the behavior of DC electric
machines. That is why, in this study, we employ two free software tools: Qucs (Quite
Universal Circuit Simulator), which is used to build the electric circuit simulation, and
Scilab, used to solve numerically the system of differential equations.

In addition to the classic modeling of DC motors [19,22,23,27–29], other alternatives of
non-conventional controllers have been studied in previous works. The bacterial foraging
algorithm for identification and control was applied to simulate trajectory control with a DC
motor [30]. Moreover, a genetic algorithm with particle swarm optimization and simulated
annealing was employed to tune a proportional–integral–derivative (PID) controller for
speed control purposes [17]. The approach studied in this work requires the abstraction of
a mechanical circuit powered by a source of torque, through whose circuitry the angular
velocity flows.

When considering all the previous aspects related to development of competencies,
didactic techniques, the importance of understanding the operation of motors as widely
applied actuators in the industry, and technological resources of software and hardware,
and their limitations, it is clear that innovative approaches are required to encourage
these competencies in a way that is sustainable for the educational institution without
diminishing the quality of the teaching–learning process.

The design of activities with collaborative learning and the flipped classroom in
engineering programs has been reported. A combination of these didactic techniques
has been applied in conjunction with low-cost technological resources in digital circuit
courses [31], and in software engineering subjects through free applications for mobile
phones [32]. Furthermore, these approaches have been utilized in automation courses [33]
and in the study of mechanical engineering [34]. To highlight the contribution of the
proposal herein, a review of seven state-of-the-art proposals and implementations of
mathematical modeling, simulation, and control of electrical motors, designed for academic
purposes, is presented. Table 1 includes the main characteristics of each work, the employed
software, the type of mathematical modeling of the motor, and the applied control system
strategy.
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Table 1. State-of-the-art mathematical modeling, simulation, and control systems of electric motors
for teaching/research in engineering academic programs.

Manuscript Contribution Software Mathematical
Modeling Control Strategy

Zamarrón and
Arjona (2010) [35]

Virtual instrumentation system for stator
turn-to-turn winding-fault detection to

prevent unexpected downtime or severe
damage to induction motors (suitable for

industry and academy)

LabVIEW State–space Fault detection

Fuertes et al.
(2013) [36]

Modular equipment simulation to control a
DC motor educational set. Part of a remote

laboratory of automatic control
JAVA Coupled ordinary

differential equations PID

Reis, et al.
(2014) [37]

Modeling and control of motors that
emulate wind turbines. Comparison of two

approaches with DC and AC motors.
LabVIEW Coupled ordinary

differential equations
Frequency
response

Reck and
Sreenivas
(2016) [38]

Affordable and portable laboratory kit
design for control systems courses (DC
motor plus Furuta inverted pendulum).

Raspberry pi and
MATLAB

Physical and electric
characteristics, step

and frequency
response

PID control

Chasiotis and
Karnavas
(2018) [39]

Educational platform to study brushless
DC motor design and performance analysis MATLAB

Dynamic equations
from physical

properties
Not reported

Samil, et al.
(2021) [40] Virtual laboratory of DC motors modeling MATLAB

Dynamic equations
from physical

principles
Not reported

Tudic, et al.
(2022) [41]

Design, manufacturing, assembly,
programming, and optimization of a

nonlinear mechatronic ball–plate prototype
as a laboratory platform for

engineering education.

Python System Identification PID control

Table 1 describes the references that best fit the proposal developed herein. These
valuable proposals focus on modeling and/or motor control with a focus on the educational
domain; however, they do not present a didactic proposal supported by didactic techniques
and disciplinary and transversal competencies to be developed, neither do they present the
activities breakdown. Hence, a learning activity with specific disciplinary and transversal
competencies with collaborative learning, the flipped classroom, and massive flexible
digital masterclass (MFDM), addressing an electrical engineering activity, is innovative
within the engineering educational domain and could be considered as a contribution
towards improving the teaching–learning process. To the best of the authors’ knowledge,
no efforts with all the herein mentioned elements have been reported yet.

This work develops a didactic proposal focused on active learning (strategy), deployed
via collaborative learning and flipped classroom (techniques) in the form of a massive
flexible digital masterclass (MFDM) that motivates and keeps students engaged during the
development of an activity that is planned to develop transversal and disciplinary compe-
tencies in students enrolled in undergraduate engineering programs strongly related to the
analysis and design of electrical systems. The proposal considers collaborative student work
to understand electrical actuators, and flipped classroom with asynchronous activities.

The research effort includes the development of a mathematical model of a direct
current motor, which is an electromechanical system that is represented as a purely elec-
trical system. Afterwards, the transitory state and the stationary state are analyzed via
computational packages. Subsequently, a system stability analysis is performed and an
automatic control system is simulated. The scope of this work is limited to the instructional
part of the didactic proposal, which is within a broader educational research work that
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includes the implementation of the activity, the development of a mixed-type research
method, and the analysis of the findings after having applied the activity.

The rest of this document is organized as follows: Section 2 provides the didactic
proposal and the teaching–learning processes to carry out the activity as part of an under-
graduate electrical engineering course. Section 3 develops the designed activity in detail
including all mathematical aspects. Finally, Section 4 highlights important observations,
summarizes the main contributions, and suggests future research.

2. Method-DidacticProposal for an Active-Collaborative Learning Massive Flexible
Digital Master Class

The didactic proposal has the following elements: an overview of the educational
research methodology, the disciplinary and transversal competencies, and the proposal’s
design around the teaching–learning process.

2.1. Educational Research Methodology

The work presented herein is part of an educational research study, where the goal is
to study the effect of a phenomenon in the context of active learning. It is a mixed-method
approach that will include quantitative (numerical information from closed-form questions
in an anonymous a posteriori student questionnaire) and qualitative (teachers’ field notes
and students’ open-form questions of the previously mentioned student questionnaire) in-
formation during the activity´s implementation. The methodology is based on educational
inquiry approaches, reported, analyzed, and explained by experts in the area [42–44].

2.2. Disciplinary and Transversal Competencies

Without being limited to a specific text of competencies defined for a unique un-
dergraduate academic program in engineering, this proposal is intended to develop the
following sub-competencies in students:

1. The student obtains a mathematical model of the dynamics of a direct current motor
(disciplinary).

2. The student validates the mathematical model through simulation work (disciplinary).
3. The student works collaboratively to develop effective communication and reasoning

for complexity (transversal).

The previous competencies are planned to be developed by students enrolled in any
of these undergraduate engineering programs: electrical, electronic, and mechatronic. The
specific courses of the curriculum would be electrical systems, electrical actuators, or
automatic control systems.

2.3. Didactic Techniques—Collaborative Learning and Flipped Classroom

The chosen didactic techniques enable the adequate deployment of the activity and
enable application of the proposed methodology. Collaborative learning is oriented to work
in small groups, which in this case are of two people, where the participants share their work
and discuss what each one developed, in order to later cooperate in the following stages.
Additionally, the flipped classroom enables—through asynchronous work—students to
advance in the activity and optimize the time of the synchronous sessions. This combination
of techniques enables students to advance over time and to develop the declared sub-
competencies for the activity.

2.4. Proposal—Didactic Design

The work to be carried out consists of several stages that stimulate students to build
their learning and enrich it more and more as they progress through the activities. The
proposal considers teams of two people and it comprises a review of the modeling theory
of direct current (DC) motors to the simulation of an automatic control loop that uses the
previously developed and validated mathematical model. There are three synchronous
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sessions (teacher and all students) and three asynchronous periods (working in teams of
two people).

The flipped classroom is observed in the learning activities carried out outside the
synchronous sessions. These activities imply responsibilities of each team member that
must be fulfilled in a certain time and whose results will be used in the synchronous sessions.
Failure to perform them properly would imply a considerable delay in the advance of
synchronous work or even not being able to continue advancing on the global activity.

Collaborative learning lies in the design of the activity that demands an integration
of the findings and results of each member to continue advancing with the global activity.
There are five time frames where collaboration is the only way to reach the next result. In
this scheme, the teacher becomes a mentor and guide instead of a provider of knowledge.

The motivation will be generated by collaborative work inside and outside the class-
room (flipped classroom), and it is expected to develop a sense of team achievement,
because results are obtained together, which opens the door to more advanced phases of the
activity. Moreover, these didactic techniques are expected to help develop decision-making
skills, effective communication, and reasoning for complexity while the students solve the
stages of global activity and also develop disciplinary competencies.

2.5. Breakdown of Activities

The activity will take place in teams of two people who will work collaboratively in
stages. Students will work in an individual and collaborative format to obtain knowledge
and develop competencies. During the deployment, they will be accompanied by the
teacher to take care of the correct progress and fulfillment of each stage, and to resolve
doubts during the activities.

The complete set of activities has been designed to be carried out in a three-session
format; each one with previous outside-the-classroom work and in-class tasks.

1. Session 1—Previous:

I All participants review the description, competencies, expected outcomes,
schedule, milestones, and policies related to the activity. The professor in-
troduces the topic and remarks on the importance of dynamic models and
automatic control in engineering. Herein, the competencies are illustrated,
and the expected results and breakdown schedule is presented to the students.

II Students (in teams) review the theory about mathematical modeling of DC
motors in the textbook or in any other designated media.

III Separately, each student develops the mathematical model, and later on, they
incorporate both efforts into one single model that is the deliverable of the
previous activity. They will also carry out a qualitative validation of the
obtained model before moving on to the next stage. It is likely that one or both
students will have to carry out this stage again if there are problems with the
expected model behavior.

IV Students review podcasts with introductory tutorials about Scilab.

2. Session 1—During:

I The professor summarizes the activity description and all related information.
II The teacher presents the mathematical model, discusses results, and resolves

doubts about the procedure.
III In a plenary session, the obtaining of the block diagram that models the engine

is presented and worked on, and the input and output relationships of interest
are clarified.

IV Each team builds the block diagram in Scilab. They will adjust parameters
and review input–output relations.

V The teams program the differential equations that represent the system and
review the input–output relations.
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VI In a plenary activity, students compare differential equations versus the block
diagram representations.

3. Session 2—Previous:

I Students review material to become familiar with it (Quite Universal Circuit
Simulator), and solve introductory exercises.

II (in teams) In Qucs, student A programs the electrical circuit that models the
motor’s dynamics.

III (in teams) In Scilab, student B validates the result in Qucs by programming a
numerical analysis.

IV Each student will explain to their partner what they did. The level of mastery
must be such that each member must be able to understand and modify the
partner’s work.

4. Session 2—During:

I Each member will work with the results of the other associate towards carrying
out the following tests: no-load test with a constant supply voltage, no-load
test with a pulse width modulation (PWM) supply voltage, and load test with
a constant supply voltage.

II The team share experience and results, and record observed similarities and
differences.

III The main findings are highlighted in a plenary activity.
IV The professor will introduce control systems stability, Lyapunov stability

analysis, and PID (proportional–integral–derivative) controllers.

5. Session 3—Previous:

I Students will reinforce the previously explained control-oriented topics
through defined material (videos and preliminary examples).

II The teams will start to develop the mathematical procedure to test stability in
closed-loop with a PD controller, and the achievements will be delivered.

6. Session 3—During:

I In a plenary session, the professor will carry out the mathematical stability
procedure and resolve queries.

II Teamwork to simulate the closed-loop in Scilab will be accomplished.
III Main results and conclusions are discussed among all participants.
IV All activities are delivered in a single report (one per team).

2.6. Outcomes and Evidence

Each activity outside and inside the synchronous sessions generates a partial deliver-
able (written report, log file, and simulation files) that will integrate the final report. This
document includes theoretical aspects, carried out activities (including simulation work),
findings, problems and their solutions, and learning achieved during the activity.

Additionally, each team will record a video (collaboratively participation) where
they will summarize the most important points of the activities. The evidence of the
development of competencies will be comprised of the final report, the simulation work,
and the video. The evaluation rubric will consider students’ participation during all the
sessions, the evidence, and all the results. To motivate collaborative work and learning,
team-generated findings and results are also included as part of the evidence.

2.7. Competency-Oriented Flowchart

The flow diagram of the didactic proposal stages, that will be developed by the stu-
dents, is presented in Figure 1. The flowchart considers possible rework due to opportunity
areas detected during the modeling or control phases.
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Figure 1. Competency-oriented flowchart. Modeling and validation.

2.8. Activity Deployment

The implementation of this proposal in a Massive Flexible Digital Masterclass (MFDM)
environment requires certain conditions. The activity is for sophomore engineering students
who have already taken the following courses: electricity and magnetism, electrical circuits,
differential equations, programming, and control engineering. The case study is planned
for credit compulsory/elective courses. The semester and the name of the course have not
been defined, as it will be applied to different engineering academic programs with their
specific courses.

An MFDM environment allows following more than 100 students if they have access
to the required software and the teacher is given time to follow up on the students. For
the implementation, a group size between 100 and 120 students is proposed, which is an
acceptable quantity in traditional mass classes. In addition to internet access, the necessary
technological resources are the digital platform for the teacher to carry out the MFDM and
communicate with the students and a computer with simulation software for each student.
Moreover, students would make the teams on their own. Sophomore students have teamed
up with some colleagues and the suggested approach is that they form teams with whom
they are better connected to collaborate. More information about an MFDM is available in
Appendix A.

3. The Case Study: Modeling, Simulation, and Control of a DC Motor

This section is focused to explain in detail the mathematical and simulation work that
students will develop, as well as the expected results for each phase of the activity.

3.1. Mathematical Modeling—Understanding the System’s Dynamics

The electrical circuit of a DC motor comprises the supply voltage, vs(t), the arma-
ture resistance, R, the armature’s inductance, L, and the induced voltage, e(t), as shown



Electronics 2022, 11, 1059 9 of 25

in Figure 2. As similarly stated in [22–24,30,45], Equation (1) can be written by using
Kirchhoff’s law, where ia(t) is the armature current and t represents the time.

− vs(t) + Ria(t) + L
dia(t)

dt
+ e(t) = 0 (1)

As described in [16], the induced voltage, e(t), can be substituted by an electrical
constant, KE, and an angular velocity, ω(t), as can be identified in Equation (2).

e(t) = KEw(t) (2)

As similarly specified in [19,22,24,27,29,30,45], and according to Newton’s second law
in its angular form, Equation (3) can be defined.

TM(t)− Bω(t)− TL(t) = Jα(t) (3)

In Equation (3), TM(t) represents the total electromechanical torque developed by the
motor’s shaft, J is the inertia moment constant, B is the friction constant, TL(t) is the load
torque, and α(t) is the angular acceleration. Rearranging terms, and recalling that α(t)
is also the variation of the angular velocity regarding time, Equation (4) shows how the
motor’s torque, TM(t), has to overcome the torque losses caused by the inertia, friction,
and load torques.

TM(t) = Bw(t) + J
dw(t)

dt
+ TL(t) (4)

As indicated in [16], the electromagnetic torque, TM(t), in Equation (4), is equal to
the mechanical constant, KM, multiplied by the armature current, ia(t), as can be seen in
Equation (5).

TM(t) = KMia(t) (5)

For practical purposes, it is assumed that the electrical constant, KE, and the mechanical
constant, KM, are equal, as shown by Equation (6); hence, from now on, both constants
are going to be represented with K. The equivalence of both constants is demonstrated
in [16], where the dimensional analysis between the units of Vs and Nm/A, as well as their
relation with the physical unit Weber, is remarked, as shown in Equation (7).

K = KM = KE (6)

KE

[
Vs
Wb

]
= KM

[
Nm

AWb

]
(7)

If the system is modeled with a permanent magnet motor, or the field current is
constant, then the system of differential equations that model the DC motor is given by
Equations (8) and (9), where the supply voltage has to provide the necessary electromotive
force for all the voltage drops. In addition, it can be noticed that the electromagnetic torque,
TM(t), in Equation (4), has been substituted using Equations (5) and (6).

vs(t) = Ria(t) + L
dia(t)

dt
+ Kw(t) (8)

Kia(t) = Bw(t) + J
dw(t)

dt
+ TL(t) (9)

Figure 2 shows a block diagram of the DC motor model in the S-domain, where it is
possible to notice that the torque TM(s) is proportional (K) to the current Ia(s). Further-
more, the minus sign and the gain K in the feedback path represent a shaft speed, Ω(s),
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that is opposite to the supply voltage, Vs(s), by means of the induced voltage, E(s), i.e.,
E(s) = KΩ(s).

Figure 2. DC motor block diagram.

3.2. Circuit Simulation in Qucs—A Purely Electrical System

Figure 2 in the S-domain can be re-drawn in the time domain by using the circuit
schematic, as shown in Figure 3. It consists of two closed loops where the left path is mostly
electrical except for the induced voltage, e(t), which depends on the angular velocity, ω(t),
of the rotor. The right path is mostly mechanical except for the electromagnetic torque,
TM(t), which depends on the armature current, ia(t).

Figure 3. Equivalent circuit of a DC motor. Pure electrical circuit with 2 meshes.

In Figure 3, both paths depend on each other when ia(t) and ω(t) have to be solved
simultaneously. As shown in Figure 2, the constant K transforms the armature current, Ia(s),
into the developed torque, TM(s). Because the constant K is the only parameter involved
in the electromechanical conversion, the inverse transformation from the S-domain into
the time domain is direct. Assuming that there is a current flowing through the path of
the right side with the same magnitude and units matching those of the angular velocity,
ω(t), and letting the mechanical torques TM(t), Bω(t), Jω(t), and TL(t), to be seen as
voltage supplies and drops, then, by Kirchhoff’s law, Equation (9) can be analyzed from
another perspective.

The circuit in Figure 3 can be simulated to study its behavior. The effort proposes
Qucs (Quite Universal Circuit Simulator), which is a free software circuit simulator released
under general public license (GPL) [46]. As shown in Figure 4, probes were added to
measure ia(t) and ω(t). For simulation work, the applied motor’s parameters are listed
in Table 2

Table 2. DC motor parameters for the case study simulation.

Parameter Description Quantity Unit

R armature resistance 1 ohms
L armature inductance 10 mH
B armature friction 10,000 µNms
J armature J (rotor) 100 µkgm2

K electromechanical
constant 0.1 Wb
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Besides the numerical values in Table 2, the following parameters contributed to
stimulate the system sufficiently and to visualize transient and steady-state responses
suitable for the purposes of the activity. A constant supply voltage vs = 100 V has been
defined as the system’s input, and a no-load torque has been added, i.e., TL(t) = 0 Nm.
The transient simulation option has been selected along with a simulation time of 60 ms
and a sampling period of 10 ms, and 6001 samples have been used to collect the data.
Furthermore, the initial currents across the inductors had no default values, and they have
been manually chosen to be zero, i.e, the armature was not initially energized while the
rotor was at rest. Figure 3 shows that the current-dependent voltage sources take the
current from their counterpart circuit and that the conversion factor of these dependent
sources has to match the electromechanical constant K, which has units of Webers.

Figure 4. Equivalent circuit of a DC motor using Qucs simulator and a constant voltage supply of
vs = 100 V.

3.3. Numerical Simulation—A Validation in Scilab

To validate the results obtained from the electric circuit analogy, a numerical analysis
was performed by using the Euler method of the form y(n + 1) = h ∗ f (yn, tn) + yn, to
solve the system of differential equations, where h is the simulation step time as explained
in [47,48]. To accomplish this task, a free licensed numerical software package called Scilab
was employed [49]. By assuming a small increment in time equal to the sampling period,
i.e., h = ∆t, Equations (8) and (9), were discretized to generate Equations (10) and (11),
where i(t = 0) = 0 and ω(t = 0) = 0 were defined as the initial conditions—i.e., at t = 0 s
there was neither armature current nor rotor speed.

vs(t) = Ria(t) + L
ia(t + ∆t)− ia(t)

h
+ Kw(t) (10)

Kia(t) = Bw(t) + J
w(t + ∆t)− w(t)

h
+ TL(t) (11)

With the n index for simulation purposes where h = ∆t, Equations (10) and (11) were
programmed as in Equations (12) and (13), where the first simulation values matched the
initial conditions—i.e., ia(n) = 0 and ω(n) = 0 when n = 1.

ia(n) =
h
L
[Vs(n − 1)− Ria(n − 1)− Kω(n − 1)] + ia(n − 1) (12)

ω(n) =
h
J
[Kia(n − 1)− Bω(n − 1)− TL(n − 1)] + ω(n − 1) (13)
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3.4. Results in the Open-Loop

The following subsections explain the different open-loop testing scenarios in Qucs
and Scilab, the findings, and the comparison of results contained between the simulators.

3.4.1. No-Load Test with a Constant Supply Voltage

Using Qucs simulator, the behavior of the armature current, when using a constant
supply voltage of vs = 100 V and a zero-load torque TL = 0 Nm, is shown in Figure 5,
where the y-axis measures the no-load tests ia(t) in Amperes, and the x-axis represents the
time in seconds. Figure 6 shows the angular speed of the rotor under the same conditions,
and the y-axis refers to ω(t) in radians per second.

Figure 5. A simulation using Qucs of the armature current ia(t) under no-load conditions when using
a supply voltage of vs = 100 V.

Figure 6. A simulation using Qucs of the rotor speed ω(t) under no-load conditions when using a
supply voltage of vs = 100 V.

With the programming-oriented Equations (12) and (13), Figures 7 and 8 were gener-
ated in Scilab. These two graphs obtained in Scilab are similar to those generated in Qucs.
Figure 7 shows the armature current, ia(t), and the supply voltage, vs(t). Similarly, Figure 8
shows the armature current, ia(t), and the rotor speed, ω(t). For the Scilab simulation
work, these parameters were defined to graph the transient and steady-state response: a
simulation time equal to 60 ms, a sampling period of 10 ms, and 6001 samples.
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Figure 7. A simulation using Scilab of a constant supply voltage of vs = 100 V and the resultant
armature current ia(t) under no-load conditions.

Figure 8. A simulation using Scilab of the armature current ia(t) and rotor speed ω(t) under no-load
conditions when using a constant supply voltage of vs = 100 V.

3.4.2. No-Load Test with a Pulse-Width-Modulated (PWM) Supply Voltage

In this subsection, the electric circuit analogy is tested by using a pulse width modula-
tion (PWM) supply voltage with a peak value of 100 V, a duty cycle of 50%, and no-load
conditions. The results are plotted and qualitatively compared against the solutions pro-
vided by solving the system of differential equations in Scilab. The simulation parameters
are similar to those employed for the no-load test—i.e., a simulation time of 60 ms, a
sampling period equal to 10 ms, and 6001 samples—to generate the graph. It is important
to mention that, to simulate the PWM voltage using Qucs, a rectangle input voltage signal
was selected with rising time tr = 0 s and falling time t f = 0 s. Figures 9 and 10 portray, in
Qucs, the armature current, ia(t), and the angular velocity, ω(t), respectively.
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Figure 9. A simulation using Qucs of the armature current, ia(t), under no-load conditions, when
using a PWM supply voltage with a peak value of 100 V and a duty cycle of 50%.

Figure 10. A simulation using Qucs of the rotor speed ω(t) under no-load conditions when using a
PWM supply voltage with a peak value of 100 V and a duty cycle of 50%.

The next step was to obtain the same variables ia(t) and ω(t) with the free licensed
software, Scilab, to validate the results by running a qualitative comparison with the results
in Qucs. Figures 11 and 12 illustrate the simulation outcomes in Scilab.

Figure 11. Simulation (Scilab) under no-load conditions, with a PMW supply voltage of amplitude
equal to 100 V and a duty cycle of 50%. The dependent variable is ia(t).
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Figure 12. Simulation (Scilab) under no-load conditions, with a PMW supply voltage of amplitude
equal to 100 V and a duty cycle of 50%. The dependent variable is ω(t).

By comparing the behavior of ia(t) in Figure 9 versus Figure 11, and ω(t) in Figure 10
versus Figure 12, it can be seen that the solutions of the circuit analogy simulated in Qucs
agree with the results provided by Scilab.

3.4.3. Load Test with a Constant Supply Voltage

It is also important to test the DC motor performance under load conditions. For
the same outcomes in Equations (12) and (13), responses for ia(t) and ω(t) were obtained
in Qucs, and the results are depicted in Figures 13 and 14, respectively. The simulation
parameters are constant supply voltage vs(t) = 100 V, a load torque equal to 5 Nm
(implemented in Qucs, a voltage pulse component with an amplitude of 5 V, a start time of
0.03 s, and a stop time of 0.08 s have been selected). Additionally, the sampling period was
10 ms, and 8001 samples were collected to generate the graph.

Figure 13. Load test results in Qucs for ia(t). The load torque = 5 Nm.

Figure 14. Load test results in Qucs for ω(t). The load torque = 5 Nm.
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To analyze in Scilab, the behavior of the armature current and the rotor’s angular
velocity—depicted in Figures 13 and 14, as well as Equations (12) and (13)—were applied
for the load test with a load torque equal to 5 Nm. Responses for ia(t) and ω(t) in Scilab
are shown in Figures 15 and 16, respectively.

Figure 15. Load test results in Scilab for ia(t), with a load torque = 5 Nm.

Figure 16. Load test results in Scilab for ω(t), with a load torque = 5 Nm.

3.5. Discrete PD Control and Stability Analysis

The following subsections develop the stability analysis in closed-loop, considering a
negative and unitary gain feedback loop with a proportional–derivative controller.
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3.5.1. Discrete-Time PD Controller

In the context of a motor model defined for numerical integration with iterative
equations, based on an index n, the control work was carried out in the discrete-time
domain. The discrete-time version of the continuous-time PD controller, through the
Euler’s approximation, can be written as follows:

Ria(t) + L
[

ia(t + ∆t)− ia(t)
∆t

]
+ Kw(t) = Kpe(t) + KD

[
e(t + ∆t)− e(t)

∆t

]
(14)

If ωD(t) is defined as the desired angular velocity, and ω(t) stands for the controlled
variable, and if the proposed closed-loop system has a negative and unitary feedback signal,
then the error is defined as e(t) = ωD(t)− ω(t); then, Equation (14) can be rewritten as
Equation (15).

Ria(t) + L
[

ia(t + ∆t)− ia(t)
∆t

]
+ Kw(t) = Kp[ωD(t)− ω(t)] + KD

de(t)
dt

(15)

which can be rewritten as follows:

Ria(t) + L
[

ia(t + ∆t)− ia(t)
∆t

]
+ Kw(t)

= Kp[ωD(t)− ω(t)] + KD

[
[ωD(t + ∆t)− ω(t + ∆t)]− [ωD(t)− ω(t)]

∆t

] (16)

In practice, it is hard to know the future values of the desired angular velocity; thus,
constant values for this variable were selected for simulation purposes, as defined in
Equation (17).

ωD(t + ∆t) = ωD(t) = ωD (17)

Using Equations (8) and (17), the discrete control law for the voltage vs(t), that is
applied to the motor, is defined in Equation (18), where the variable n is the discrete index.

Vs(n) = KP[ωD − ω(n)] +
KD
∆t

[ω(n)− ω(n + 1)] (18)

The waveform of ω(t) and ia(t) can be calculated in discrete-time domain by
Equations (19) and (20).

ω(n) =
∆t
J
[Kia(n − 1)− Bω(n − 1)− TL(n − 1)] + ω(n − 1) (19)

ia(n) =
∆t
L
[KP[ωD − ω(n − 1)]− Kω(n − 1)− Ria(n − 1)]+

KD
L

[ω(n − 1)− ω(n)] + ia(n − 1)
(20)

3.5.2. Stability Analysis

This subsection develops a stability analysis of the DC motor based on Lyapunov
stability theory. The study starts with the discrete-time version of the system’s state–space
representation.

x1(n + 1) = −R
L

x1(n)−
K
L

x2(n) +
1
L

u(n) (21)

x2(n + 1) = −K
J

x1(n)−
B
J

x2(n) +
1
J

u(n) (22)

The proposed discrete-time Lyapunov stability condition is:

∆V(x1, x2) = V[ f (x1, x2)]− V(x1, x2) (23)
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and the proposed Lyapunov candidate function is:

V(x1, x2) =
1
2
(x2

1 + x2
2) (24)

With the insertion of Equation (23) into the Lyapunov candidate function in
Equation (24), and with a mathematical simplification, Equation (25) is obtained.

∆V(x1, x2) =
1
2

[
(

R2

L2 +
K2

J2 − 1)x2
1 + (

R2

L2 +
B2

J2 − 1)x2
2 + (

2RK
L2 − KB

J2 )x1x2

]
(25)

To achieve asymptotic stability, it is necessary that ∆V(x1, x2) ≤ 0. To guarantee this,
the following conditions must hold:

R2

L2 +
K2

J2 − 1 ≤ 0 (26)

R2

L2 +
B2

J2 − 1 ≤ 0 (27)

2RK
L2 − KB

J2 − 1 ≤ 0 (28)

3.6. Pd Control Simulations

The closed-loop tests were run based on a negative and unitary feedback gain, as
depicted in Figure 17.

Figure 17. Closed-loop simulated system with a PD controller and with a negative and unitary
feedback signal.

Considering a no-load scenario, i.e., TL(t) = TL(n) = 0, and initial conditions equal to
zero, a desired speed of ωD = 100 rad/s was defined as the set point. Additionally, the
DC motor parameters were taken from Table 2. Furthermore, the following simulation
parameters were defined for the simulation: a sampling period equal to 10 µs and trial-and-
error-based controller’s gains KP = 3 and KD = 0.01.

Figure 18 shows the controller’s output, vs(t), that feeds the DC motor. Transient and
steady-state responses are visualized. Moreover, the controlled variable ω(t) is portrayed
in Figure 19. It is noticed that the closed-loop system exhibits a steady-state error of
approximately 64 rad/s.
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Figure 18. Armature current and supplied voltage in no-load conditions with a speed controller
using KP = 3, KD = 0.01, and ωD = 100 rad/s.

Figure 19. ω(t) and ia(t) in no-load conditions with a set point of ωD = 100 rad/s.

4. Conclusions, Limitations, and Future Work

The developed activity, including collaborative learning and flipped classroom tech-
niques, is oriented to promote active learning by working in a relevant and interesting
context for electrical engineering. The activity is focused on student-centered learning
and seeks to keep students motivated to develop valuable disciplinary and transversal
competencies, such as the mathematical modeling of an actuator widely used in industry,
the design of automated control systems for motor’s angular speed, and teamwork. By
completing this activity, the student will understand the main equations that model the
dynamics of a DC motor, and how—when passed to the Laplace domain—they can be
interconnected in a block diagram that highlights the input and output of the system.
Furthermore, students will be able to evaluate the behavior of the DC motor via a purely
electrical circuit with dependent sources and to simulate the operation of the motor in
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terms of the input (voltage), the intermediate variable (armature current), and the outputs
(torque and angular speed), with a cost-free computational tool. Additionally, the computer
simulations were confirmed by solving the differential equations using Euler’s numerical
method in a cost-free software tool.

Upon completing the activity, students are expected to identify some findings that
are attached to the development of competencies. For example, the system of differential
equations describing the DC motor can be solved by using an electric circuit simulator
to reinforce the understanding of the phenomenon and modeling work. In this case, the
current-controlled voltage sources along with the crossed-circuit layout were a key feature
in carrying out the analysis and simulation. Additionally, PD control for DC motors can
be designed directly by discretizing and simultaneously solving the system of differential
equations, without the need of an specialized toolbox. This fact is important to carry
out the control layout in a free licensed tool such as Qucs. In addition, the dynamical
system presents asymptotic stability conditions via Lyapunov’s direct method in discrete
time domain. This procedure is very valuable in control engineering courses where it is
required to ensure the stability of the dynamical system. Lyapunov’s stability analysis can
be performed with students’ prior knowledge of complex variable and matrix algebra.

The development of this proposal included a comparison with other proposals for
modeling and control of electric motors and it was observed that the inclusion of an instruc-
tional framework with skills to be developed, didactic techniques, an activities breakdown,
and an implementation proposal in the context of MFDM—these are unreported elements
that can reinforce the teaching–learning process.

From a methodological point of view, the study has its limitations, although this
does not detract from its relevance. A control group is required to measure the impact on
students, and it should have similar characteristics to those of the experimental one; for
example, MFDM, the same topics reviewed, the same learning objectives, and—if possible—
the same teacher. At the end of the course, the progress in the development of the three
declared sub-competencies should be compared between the two groups. However, this
work would be the next stage in the line of research. Another limitation is the rubric; some
subjectivity is always present in the evaluation. On the other hand, the field notes of the
professors are qualitative and can also be a bias in decision making and study findings.

An effort to validate the proposed activity is the rule-based system approach. An
anonymous Likert scale survey was applied to seventeen undergraduate engineering stu-
dents with formal knowledge on electric circuits, DC motors, and automatic control, who
have participated in non-elective courses where collaborative work and flipped classroom
techniques—along with a massive flexible digital approach—have been applied. A rule-
based method was applied to validate the data generated from the survey. This validation
approach is based on the mathematical theory of possibility that models a certain type
of uncertainty. To validate the data, the procedure reported in [50] was handled. This
effort included the categorization of the questions, as well as the calculation of uncertainty
level, uncertainty factor, and another uncertainty factor for each category. Moreover, a
decision tree with the uncertainty factor per category was generated along with conclu-
sions to define the categories’ impacts in the survey. This development is explained in
Appendices B and C.

Future work includes the implementation of the activity in an undergraduate engi-
neering course using the Massive Flexible Digital Masterclass (MFDM), as explained in
Appendix A. The learning outcomes should be evaluated with a rubric and measured in
terms of grades and observed competencies. As a later activity, field-wound and brush-
less DC motors, as well as single-phase and three-phase alternate-current motors, could
be considered, along with other control techniques and performance criteria. For more
advanced undergraduate courses, a nonlinear modeling of the DC motor using a circuit
simulator to analyze another dynamics of interest could be considered. By including these
topics, broader aspects of undergraduate engineering courses, such as actuators, alternating
current circuits, and power interfaces, could be covered.
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Appendix A. Massive Flexible Digital Masterclass (MFDM)

The Massive Flexible Digital Masterclass (MFDM) model will be applied to carry out
this proposal. Such method considers a virtuous scheme in which the professors in electrical
engineering courses has an important recognition among colleagues and students. This
flexible scheme enables the professor to teach and positively affect students nationwide
without space limitations, targeting more than 300 students per class. Flexibility is one of
the key elements of this model, allowing for the delivery of contents and activities to the
students via asynchronous media and formats, while having either “face-to-face” or virtual
interactions with the professor.

The digital nature of the MFDM model could include renowned researchers and
industry experts to participate on select topics through digital masterclasses and webinars
without the logistical and time constraints of an in-person course. Moreover, MFDMs
focus on learning through the development of competencies, highlighted in innovative
teaching–learning processes, based on active learning. The MFDM combines different
didactic techniques, including flipped classroom (FC), to develop competencies, such
as problem solving and teamwork. Students can learn at their own speed/time in an
asynchronous manner, while engaging and discussing the concepts with the teacher during
the synchronous session, thus deepening the learning process and preparing them for a
hands-on experience with real-world applications of the concepts learned. Figure A1 shows
the pedagogic elements of the MFDM scheme.

The expected learning benefits of the implementation of MFDMs are given as follows:

• Strong understanding of the physical phenomena involved in an electrical engineering
class.

• Strong understanding of the relationships between the equations and the behavior of
the variables of interest, such as armature current, motor torque, and angular speed.

• Enhance the simulation skill of the students: the motor’s behavior is analyzed by
means of a circuit simulator, where the effects of a specific supply voltage, load torque,
and motor parameters can be studied in an agile, cheap, and reliable manner.

• Analogy between the direct current motor and an electrical circuit, where the first
one involves electrical and mechanical variables, and the second one involves only
electrical variables.

• Enhance the ability to identify, formulate, and solve electrical engineering problems.
• Enhance the ability to apply electrical engineering design.
• Enhance the ability to develop and conduct appropriate experimentation, analyze and

interpret data, and use engineering judgment to draw conclusions.
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Figure A1. Elements of the Massive Flexible Digital Masterclass (MFDM) pedagogic model.

Appendix B. Questionnaire

1. The work scheme, presented in the activity’s breakdown, allows developing the
transversal competence of effective communication and reasoning for complexity.
(SA) Strongly Agree (A) Agree (N) Not sure (D) Disagree (SD) Strongly Disagree

2. The activities in session 1, students and professor, allow the development of the
competency of mathematical modeling of a direct current motor dynamic.
(SA) Strongly Agree (A) Agree (N) Not sure (D) Disagree (SD) Strongly Disagree

3. The simulation effort, individual and collaborative, along with the plenary sessions,
contribute to validate the mathematical model.
(SA) Strongly Agree (A) Agree (N) Not sure (D) Disagree (SD) Strongly Disagree

4. The flipped classroom didactic technique enables, with an adequate balance, one
to carry out the sequence of activities, with the purpose of developing the declared
competencies.
(SA) Strongly Agree (A) Agree (N) Not sure (D) Disagree (SD) Strongly Disagree

5. The deployment proposal is proposed in the context of a Massive Flexible Digital
Masterclass (MFDM). As a student who has participated in massive courses and
some of them in remote format, do you consider this scheme adequate to develop the
declared competencies?
(SA) Strongly Agree (A) Agree (N) Not sure (D) Disagree (SD) Strongly Disagree

6. The modeling, as defined in the activity for the simulation approach, as a pure electric
circuit, allows modeling the dynamics of a permanent magnet electric current motor.
(SA) Strongly Agree (A) Agree (N) Not sure (D) Disagree (SD) Strongly Disagree

7. The activities to analyze and design the control system (flipped classroom, teamwork,
simulations, and plenary wrap-up) are sufficient for understanding the relationship
between automatic control and motors, as well as their importance as elements of an
automatic control loop where it is required to ensure stability.
(SA) Strongly Agree (A) Agree (N) Not sure (D) Disagree (SD) Strongly Disagree

Appendix C. Survey Validation through a Rule-Based System

The following procedure was conducted to develop this expert system:

1. To validate the seven-question Likert scale survey, a ruled-based methodology, de-
veloped in [50], is applied. The following procedure was conducted to develop this
expert system:
Based on their meaning, the seven questions were categorized into three groups: com-
petencies (C), mechatronics (M), and didactic techniques (DT), and the groups were
as follows: Questions 1 and 2 in C category as C-1 and C-2, respectively; Questions
3, 6, and 7, in M, as M-1, M-2, and M-3, respectively; and Questions 4 and 5 in DT
category as DT-1 and DT-2, respectively.
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2. Based on [50], Table A1 was populated. In the table, UL stands for uncertainty level,
UF represents the certainty factor per question, and CUF is the uncertainty factor of a
category.

Table A1. Questions —categorization, frequencies, uncertainty level, and certainty factor per question
and category.

Q R1 f1 R2 f2 R3 f3 R4 f4 R5 f5 fT UL UF CUF

C-1 0 0 0 0.000 1 0.059 13 0.765 3 0.176 1 0.274 0.726 0.989314
C-2 0 0 0 0.000 3 0.176 6 0.353 8 0.471 1 0.039 0.961
M-1 0 0 0 0.000 0 0.000 14 0.824 3 0.176 1 0.368 0.632 0.995895
M-2 0 0 0 0.000 5 0.294 9 0.529 3 0.176 1 0.078 0.922
M-3 0 0 0 0.000 1 0.059 11 0.647 5 0.294 1 0.143 0.857
DT-1 0 0 3 0.176 6 0.353 5 0.294 3 0.176 1 0.045 0.955 0.995275
DT-2 0 0 1 0.059 4 0.235 10 0.588 2 0.118 1 0.105 0.895

3. An AND/OR decision tree is presented in Figure A2, for the production rules in
Equation (A1)–(A3).

CF1(C) = max(CF(Q1), CF(Q2)).CF(R1) (A1)

CF2(DT) = max(CF(C), min(CF(Q4), CF(Q5))).CF(R2) (A2)

CF3(M) = max(min(CF(DT), CF(Q6)), min(CF(Q3), CF(Q7))).CF(R3) (A3)

From the decision tree in Figure A2, based on the survey, with the categories mecha-
tronics (M), didactic techniques (DT), and competencies (C), the decision tree presents
that CF3 = 0.91822, which implies that mechatronics students require proper didactic
techniques to improve their competencies in the teaching–learning process.

Figure A2. Decision tree for three production rules.
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